Synthesis and Modification of Ti-based Photocatalyst Materials and Study on the Photocatalytic Performance for Water Splitting into Hydrogen by 方舒玫
学校编码：10384                              分类号      密级       
学号：200425074                                          UDC       
 
 
  硕  士  学  位  论  文 
钛基光催化材料的合成、改性 
及其光解水制氢催化性能的研究 
Synthesis and Modification of Ti-based Photocatalyst 
Materials and Study on the Photocatalytic Performance for 
Water Splitting into Hydrogen 
 
 方 舒 玫 
指导教师姓名：  廖 代 伟   教授  
专 业 名 称：  物  理  化  学 
 论文提交日期：  2 0 0 7 年    月 
 论文答辩时间：  2 0 0 7 年    月 
 学位授予日期：  2 0 0 7 年    月 
答辩委员会主席：           
评    阅    人：           


























                     声明人（签名）： 























  1、保密（  ），在   年解密后适用本授权书。 




作者签名：      日期：  年 月 日 












目   录 




第一章 绪论 ..............................................................................................1 
 
1.1 引言 ........................................................................................................................1 
 













1.5 光解水制氢催化剂及其改性方法 ........................................................................9 
1.5.1 传统光催化剂 TiO2.............................................................................................9 
1.5.2 介孔 TiO2 合成方法及合成机理 ......................................................................11 
1.5.3 合成介孔 TiO2 的模板剂 ..................................................................................13 







1.5.6.5 溶胶-凝胶法 ....................................................................................................20 
1.5.6.6 Pechini-type 方法 ...........................................................................................20 
1.5.6.7 聚合合成法（PCM） .....................................................................................23 
 
1.6 本论文选题依据与实验方案 ..............................................................................23 
1.6.1 选题依据............................................................................................................23 
1.6.1.1 介孔 TiO2 选题依据和实验设计思路 ............................................................24 


















第二章 ωCu/Sr3Ti2O7的合成和活性评价（实验部分） ....................33 
 




2.2 催化剂的制备 ......................................................................................................34 
2.2.1 Sr3Ti2O7 的制备 ..................................................................................................34 
2.2.2 ωCu/Sr3Ti2O7 的制备..........................................................................................35 
2.2.3 还原后 ωCu/Sr3Ti2O7 的制备............................................................................35 
 
2.3 催化剂的活性评价 ..............................................................................................35 
 
2.4 产物分析计算方法 ..............................................................................................36 
 
2.5 催化剂的表征 ......................................................................................................37 
2.5.1 XRD 表征 ...........................................................................................................37 
2.5.2 XPS 表征 ............................................................................................................37 
2.5.3 UV-VIS 表征 ......................................................................................................37 




3.1 引言 ......................................................................................................................39 
 
3.2 催化剂制备参数的优化及活性评价 ..................................................................42 
3.2.1 不同 Cu 负载量的 Sr3Ti2O7的催化产氢速率测试结果 .................................42 
3.2.2 1.5%Cu/ Sr3Ti2O7 还原前后的催化产氢速率测试结果 ...................................44 
3.2.3 钙钛矿 Sr3Ti2O7上负载 Cu、Ag 催化性能比较 ............................................46 
 
3.3 催化剂的结构和性质 ..........................................................................................48 
3.3.1 晶相结构和比表面积........................................................................................48 
3.3.2 X-射线光电子能谱 ............................................................................................49 
3.3.3 UV－VIS 漫反射光谱 .......................................................................................52 
 















目   录 
第四章 介孔 TiO2材料的制备和表征（实验部分） ..........................56 




4.2 催化剂的制备 ......................................................................................................57 
4.2.1 未经煅烧 La2O3/TiO2 的制备 ...........................................................................57 
4.2.2 经过煅烧 La2O3/TiO2 的制备 ...........................................................................57 
 
4.3 催化剂的表征 ......................................................................................................59 
4.3.1 XRD 表征 ...........................................................................................................59 
4.3.2 透射电镜（TEM 和 HRTEM）表征 ...............................................................59 
4.3.3 BET 表征 ............................................................................................................59 
4.3.4 红外表征............................................................................................................60 
 
第五章介孔锐钛矿相 TiO2材料的制备与结构分析 ............................61 
 
5.1 引言 ......................................................................................................................61 
5.1.1 纳米介孔材料....................................................................................................61 
5.1.2 非硅基介孔材料................................................................................................61 
5.1.3 介孔 TiO2 研究现状 ...........................................................................................62 
 































Abstract in Chinese ............................................................................................. Ⅰ 
Abstract in English.............................................................................................. Ⅲ 




1.2 Processes of photocatalytic water splitting into hydrogen .................................2 
1.2.1 Photo-electrochemical cells ..................................................................................2 
1.2.2 Photo-catalytic complex........................................................................................3 
1.2.3 Semiconductor photocatalysis ..............................................................................3 
 
1.3 Semiconductor photocatalysis reaction................................................................4 
1.3.1 Energy band of semiconductor .............................................................................4 
1.3.2 Principle of semiconductor photocatalysis reaction .............................................5 
 
1.4 Photocatalytic water splitting into hydrogen by semiconductor .......................6 
1.4.1 Mechanisms of photocatalytic water splitting into hydrogen ...............................6 
1.4.2 Factors affecting the efficiency of photocatalysis.................................................8 
 
1.5 Introduction of photocatalyst and its modification.............................................9 
1.5.1 Traditional TiO2 photocatalyst ..............................................................................9 
1.5.2 Methods and synthesis mechanism of mesoporous TiO2....................................11 
1.5.3 Templates for the preparation of mesoporous TiO2 ............................................13 
1.5.4 Problems existing in the preparation of mesoporous TiO2 .................................16 
1.5.5 New pattern of perovskite photocatalyst.............................................................17 
1.5.6 Synthesis method of perovskite photocatalyst....................................................19 
1.5.6.1 Solid-state reaction method..............................................................................19 
1.5.6.2 Hydrothermal method ......................................................................................19 
1.5.6.3 Chemical coprecipitation method ....................................................................19 
1.5.6.4 Precursor decomposition method.....................................................................20 
1.5.6.5 Sol-gel method .................................................................................................20 
1.5.6.6 Pechini-type method ........................................................................................20 
1.5.6.7 Polymerized complex method (PCM) .............................................................23 
 
1.6 Basis and design of the thesis ..............................................................................23 
1.6.1 Basis of the thesis ..............................................................................................23 
1.6.1.1 Basis and design of mesoporous TiO2 .............................................................24 
1.6.1.2 Basis and design of perovskite Sr3Ti2O7..........................................................24 
















Chapter 2 Preparation and characterization of Cu/Sr3Ti2O7 
(experimental section).............................................................................33 
2.1 Reagent and Instruments ....................................................................................33 
2.1.1 The purity and manufacturers of reagent ............................................................33 
2.1.2 Main instruments ................................................................................................33 
 
2.2 Preparation of photocatalyst...............................................................................34 
2.2.1 Preparation of Sr3Ti2O7.......................................................................................34 
2.2.2 Preparation of ωCu/Sr3Ti2O7 ..............................................................................35 
2.2.3 Preparation of ωCu/Sr3Ti2O7 after reduction......................................................35 
 
2.3 Evaluation of catalyst performance ...................................................................35 
 
2.4 Methods of analysis and calculation for products.............................................36 
 
2.5 Characterization of photocatalyst ......................................................................37 
2.5.1 XRD characterization..........................................................................................37 
2.5.2 XPS characterization...........................................................................................37 
2.5.3 UV-VIS characterization.....................................................................................37 
2.5.4 BET characterization ..........................................................................................38 
 





3.2 Optimization of catalyst and evaluation of catalyst performance...................42 
3.2.1 H2 evolution rate on Sr3Ti2O7 loading different content Cu ion .........................42 
3.2.2 H2 evolution rate on 1.5% Cu/ Sr3Ti2O7 before or after reduction .....................44 
3.2.3 Photocatalyst peformance between Sr3Ti2O7 loading Cu and Ag .......................46 
 
3.3 Structure and character of photocatalyst ..........................................................48 
3.3.1 Crystal structure and specific surface area..........................................................48 
3.3.2 XPS characterization...........................................................................................49 
3.3.3 UV－VIS DRS....................................................................................................52 
 















Chapter 4 Preparation and characterization of mesoporous TiO2 
(experimental section).............................................................................56 
 
4.1  Reagent and instruments..................................................................................56 
4.1.1 The purity and manufacturers of reagent ............................................................56 
4.1.2 Main instruments ................................................................................................56 
 
4.2 Preparation of photocatalyst...............................................................................57 
4.2.1 Preparation of La2O3/TiO2 without calcination ..................................................57 
4.2.2 Preparation of La2O3/TiO2 after calcination .......................................................57 
 
4.3 Characterization of photocatalyst ......................................................................59 
4.3.1 XRD characterization..........................................................................................59 
4.3.2 TEM and HRTEM characterization ....................................................................59 
4.3.3 BET characterization ..........................................................................................59 
4.3.4 IR characterization ..............................................................................................60 
 
Chapter 5 Preparation and structure analysis of mesoporous TiO2 
with anatase phase ................................................................................61 
 
5.1 Introduction..........................................................................................................61 
5.1.1 Nanoscale mesoporous materials........................................................................61 
5.1.2 Non-silica mesoporous materials........................................................................61 
5.1.3 Study status of mesoporous TiO2 ........................................................................62 
 
5.2 Structure and characters of photocatalyst.........................................................64 
5.2.1 Crystal structure ..................................................................................................64 
5.2.2 Specific surface area ...........................................................................................66 
5.2.3 IR analysis...........................................................................................................69 
5.2.4 HRTEM characterization ....................................................................................70 
 
5.3 Conclusion ............................................................................................................72 
 
References ...................................................................................................................73 















摘  要 








本文以钙钛矿型光催化剂 Sr3Ti2O7 和传统光催化剂 TiO2 作为研究对象。
具体内容如下： 
（1）使用聚合合成法（Polymerized Complex Method，PCM）制备组分化学计量
比可控的多金属氧化物 Sr3Ti2O7 作为光催化剂，进而负载不同质量比的 Cu 离






现 Cu 离子最佳负载量为 1.5% 时，产氢速率可稳定在 550 - 600 μmol·h-1。H2 
预还原后的 1.5%Cu/Sr3Ti2O7 催化剂产氢速率最高可达 1140.8 μmol·h-1，约为已




时给出了反应式，并通过 XPS 测试 Cu+ 和吸附氧的含量证明了反应式的合理
性。另外，选用同主族元素 Ag 离子负载在 Sr3Ti2O7 上，考察 Cu、Ag 离子负
载后的催化剂活性，发现 1.5%Cu/Sr3Ti2O7 光催化分解水的最大产氢速率是 






















比表面积大小。XRD，BET，IR 和 HRTEM 等表征表明，La2O3 的掺杂量对 TiO2 
锐钛矿相的形成具有明显影响，当 La2O3 掺杂量为 0.1%（摩尔分数）时，合成
的 TiO2 锐钛矿相晶型最好，且为介孔结构，孔径大小均一，比表面积达到 367. 
7 m2·g -1。 
本实验创新之处是在制备介孔 TiO2 的过程中引入稀土元素 La，掺杂 
La2O3 后，TiO2 的骨架强度增大，结构稳定性得到提高，同时，适量掺杂能促
进锐钛矿相的形成，尤其是溶剂洗脱模板剂的同时，得到明显的锐钛矿晶型。研
究 La2O3 对介孔 TiO2 的结构、晶型、催化性能的影响。 
两组实验均确定了改性催化剂最适宜的过渡金属 Cu 离子或稀土金属氧化
物 La2O3 的添加量。 
 

















Energy sources are materials or movements providing energy for human. They 
are the foundation for human activity and development of human society. Compared 
with traditional fossil fuels, such as coal and oil, bring destruction on the environment; 
Hydrogen is an alternative energy source with high efficiency and pollution free. 
Hydrogen can be produced from clean and renewable energy sources, and thus its life 
cycle is clean and renewable. The photocatalytic water-splitting into hydrogen using 
semiconductor is a potentially clean and renewable method which is of both 
theoretical and practical significance. Searching for highly reactive and functional 
photocatalyst is the key. TiO2 as a traditional photocatalyst and another photocatalyst 
with perovskite-layered structure have drawn more and more attention. 
 The paper reports synthesis and modification of Sr3Ti2O7 and TiO2 
semiconductor. The detailed contents are as follows:  
(1) Sr3Ti2O7 photocatalyst with perovskite-layered structure was synthesized by 
polymerized complex method (PCM). Cu ion as an effective dopant was loaded onto 
Sr3Ti2O7 catalyst. ωCu/Sr3Ti2O7 catalyst was applied in the mixture of water and 
methanol, methanol was used as a sacrificial agent under ultra-violet irradiation, and 
the catalyst was characterized by XPS, XRD, and UV-Vis DRS. The results showed 
that Cu ion existed in several kinds of valence and the photocatalytic activity of Cu/ 
Sr3Ti2O7 was superior to that of pure Sr3Ti2O7. Cu+ and adsorption oxygen can 
accelerate the interfacial electron transfer. When the amount of Cu ion was 1.5%(w), 
the best catalytic effect was obtained and the stable average hydrogen evolution rate 
was about 550-600 μmol·h-1. The ωCu/Sr3Ti2O7 after reduction attained the highest 
hydrogen evolution rate that was close to 1140.8 μmol·h-1. The value was seven times 
of NiO/Sr3Ti2O7 reported before. 
The paper reported that synthesis method of Sr3Ti2O7 with perovskite-layered 
structure loaded with transition metal ion (Cu, Ag ion) with several valences. The 


















was explained by the mechanism that of loading Cu ion like such several valences can 
help semiconductor transferring charge and reaction. The content of Cu+ and 
adsorption oxygen in photocatalyst tested by XPS characterization could testify the 
explanation. In addition, loading of the same main group Ag ion has been investigated. 
At the optimal loading of Cu ion, hydrogen production rate was enhanced as much as 
35.5 times higher than loading of Ag ion.   
(2) Mesoporous TiO2 nanocrystals with anatase phase and high specific surface area 
was synthesized by sol-gel process using nonionic surfactant EO20PO70EO20 as a 
structure-directing agent, C16H36Ti as Ti precursor, La2O3 as catalyst support and 
ethanol as an extraction agent. Then removed template in moderate condition that was 
washing by reagent. The results indicated that the amount of doped La2O3 greatly 
effected on the formation of TiO2 with anatase phase, and the optimal content of 
doped La2O3 was 0.1% (mole fraction). The characterizations of XRD , BET , IR and 
HRTEM showed that an ordered mesostructure of TiO2 with narrow pore size 
distribution and large surface area (～367.7 m2·g -1) was obtained under the synthesis 
conditions. 
In the paper, Mesoporous TiO2 doped with rare earth was synthesized. The 
intensity of TiO2 inorganic framework and the stability of the mesoporous structure 
were stronger than non-La2O3 doped. When the template was washed by boiling 
ethanol, anatase phase was formed. It indicated that doping La2O3 could accelerate the 
formation of anatase phase. Study on rare earth how to affect structure, crystal and 
photocatalytic activity. 
    Both of two experiments have indicated the optimal loading of Cu or doping of 
La2O3 clearly. 
 















第一章   绪论 
                            








































第一章   绪论 
                            
厦门大学理学硕士论文                 2 
表1.1 氢能和常规能源的热值[1] 
Table 1.1 Heat of Hydrogen Energy and General Energy 
燃料 主要成分 化学反应 热值 (KJ/Kg) 
煤 C C + O2 =CO2 33 
汽油 C8H18 2C8H18 + 25O2 = 16CO2 + 18H2O 48 
液化气 C4H10 2C4H10 + 13O2 = 8CO2 + 10H2O 50 
天然气 CH4 CH4 + 2O2 = CO2 + 2H2O 56 








17 亿美元支持氢能开发。美国计划到 2040 年每天将减少使用 1100 万桶石油，
这个数字正是现在美国每天的石油进口量。因而开发低能耗高效的氢气生产方
法，已成为国内外众多科学家共同关注的问题。 
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1972 年日本东京大学 Fijishima 和 Honda[2] 等在 n 型半导体二氧化钛电
极上发现水的光分解现象：在太阳光伏电池中，用波长低于 415 nm 的光照射 
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